Experimentally Cr doping in the rutile phase of VO 2 is found to stabilize a charge ordered ferromagnetic insulating state in the doping range of 10% to 20%. Its origin at 12.5% doping has been investigated using a combination of ab-initio electronic structure calculations as well as microscopic modeling. The calculations are found to reproduce the ferromagnetic insulating state as well as a charge ordering at the V and Cr sites. The mapping of the ab-initio band structure onto a tight-binding Hamiltonian allows one to calculate the energy gain from different exchange pathways. This is quantified for the first time and the role of charge ordering in stabilizing a ferromagnetic insulating state is understood.
INTRODUCTION
Among the magnetic systems that one encounters, an empirical rule has emerged, which is that ferromagnetism is accompanied by a metallic ground state while antiferromagnetism is found in members that are insulating. The ones that break these empirical trends are the most interesting members as they would require a mechanism beyond the conventionally accepted theories to explain the origin of the magnetic state. An example of a recently discovered ferromagnetic insulator, V 1−x Cr x O 2 [1] [2] [3] [4] [5] is examined in the present work. The parent compounds VO 2 [6] [7] [8] [9] and CrO 2 [10] [11] [12] [13] are examples of an antiferromagnetic insulator (though in a different polymorph) and ferromagnetic metal respectively. However, experiments have found that for Cr doping percentage from 10% to 20% in the rutile phase of VO 2 , the system is found to become a ferromagnetic insulator [5] . X-ray absorption spectroscopy which, apart from being atom specific is also sensitive to the valence state, reveals the presence of Cr +3 -V +5 pairs. The question that follows is why do such charge states get stabilized and do they have a role in the unusual ferromagnetic insulating state found at this doping concentration.
V atoms have a valence state of +4 in VO 2 with the d electrons on V having an electronic configuration of d
1 . An isovalent substitution of V with Cr should result in a configuration of d 2 at the Cr sites. As the fully doped end-member CrO 2 is metallic, one expects a metallic ground state to be favoured above a critical doping concentration. While the transport properties of these systems haven't been studied, x-ray absorption spectroscopy results which are sensitive to the valence state of the transition metal atoms reveal the presence of V +5 as well as Cr +3 species in addition to V +4 at 18 % doping of Cr doped VO 2 [5] . These results are suggestive of an insulating ground state being favoured, as otherwise the free carriers present would result in all the V atoms having the same oxidation state. 
METHODOLOGY
In order to calculate the electronic structure of Cr doped VO 2 , we have performed first principle density functional theory based calculations using Vienna ab initio simulation package [14] . We have used projected augmented wave [15] potentials. For the different k-space integrations we have used a 6 × 6 × 8 Gamma-centered mesh of k-points and a plane wave cutoff of 875 eV. The generalized gradient approximation (GGA) [16] was used for the exchange-correlation functional and electron-electron interactions were considered by including a Hubbard U within the GGA+U formalism [17] . We have used a U of 2.5 eV on V atoms and a U of 3 eV on the Cr atoms. The total energy was calculated self-consistently till the energy difference between successive steps was better than 10 −5 eV. The total energy of the ferromagnetic configuration was compared with the energy of other antiferromagnetic configurations within the 24 atom √ 2a × √ 2b × 2c supercell constructed using the experimental lattice parameters of VO 2 as the starting parameters, where a = b = 6.441Å and c = 5.700Å [18] . We further optimized both the lattice parameters as well as the internal coordinates of the crystal. After optimization we found that a was slightly (0.7 %) underestimated while c was overestimated by 4.6 % from it's initial value. In order to understand the results further we have mapped the ab initio band structure onto a tight binding model 
RESULTS AND DISCUSSION
In order to understand the electronic and magnetic properties of V 1−x Cr x O 2 , we first consider 12.5 % Cr doping. This is explored by considering a supercell which has eight V atoms in it and replacing one V in it by a Cr atom. The unit cell parameters were optimised for each of the magnetic configurations considered. They did not show very large changes between the different configurations. The total energies were determined for the ferromagnetic as well as various antiferromagnetic configurations. These are listed in Table   I . Each unit cell has four V chains running in the c-direction. This is also the direction in which the distance between neighboring V atoms is the shortest and is equal to 2.99Åin the undoped case and becomes 2.97/3.03Å in the doped case. The other V-V bondlengths in the plane perpendicular to the c-direction are 3.54Å. The configuration which is closest in energy to the ferromagnetic configuration has the V atoms coupled ferromagnetically within the chain. However, the coupling of nearest neighbor V atoms in the ab-plane is antiferromagnetic. This is labelled as AFM1. Another configuration which was explored had the V atoms coupled antiferromagnetically along the chain. This was labelled AFM2 and had the V atoms in nearest neighbour chains coupled ferromagnetically. As we have a doped Cr atom which carries a different moment than the V atoms, we find a net moment for each of the antiferromagnetic configurations probed and this has been indicated in Table I . The ferromagnetic configuration is found to be more stable than the closest antiferromagnetic configuration AFM1 by 100 meV. While the experimental ground state has not been examined at this composition, it has been found to be a ferromagnetic insulator at 10, 18 and 20 %. This seems rather strange, so we examine the density of states at 12.5% where we already found a ferromagnetic ground state to be stabilized.
The atom, angular momentum and spin projected density of states are shown for two distinct V atoms that we find in the unit cell as well as the Cr atom. The system is found to be insulating, consistent with the experimental observation at a closely lying composition.
As each transition metal atom is surrounded by six oxygens, the d orbitals at each transition metal site split into triply degenerate t 2g orbitals at lower energies and doubly degenerate e g orbitals at higher energies. Examining the Cr d density of states shown in Fig. 1(a) , one finds that the minority spin states lie beyond 3 eV above the fermi level and are empty.
The majority spin t 2g states are however found to be occupied while the e g counterparts are found to be empty. An isovalent substitution of V by Cr would imply a valence state of +4
on Cr. However, we find the electron configuration of t us with the energy gain via the mentioned hopping pathways. This was done for both the ferromagnetic configuration as well as AFM1 which was the lowest lying antiferromagnetic configuration. We found that the gain in energy via this hopping channel in the ferromagnetic configuration was ∼ 7 eV per hopping pathway. However, when a similar analysis was done after switching off direct interaction between Cr +3 -V +5 pairs, we found a very small energy gain of 0.065 eV. Based on these two results one can conclude that there is no direct pathway between the Cr +3 -V +5 pair. The exchange pathway is through the oxygen atoms. We also estimated the energy gain from all Cr +3 -V +4 hopping pathways via the oxygen atoms. We found the gain for the ferromagnetic configuration to be 3.11 eV per hopping pathway.
We then did the same analysis for the next competing AFM1 configuration to present a comparative analysis in these two cases. The band energy gain in the AFM1 configuration from the most dominating channel of Cr +3 -V +5 pairs via the oxygen atoms was found to be 6.293 eV/per hopping pathway. It can hence be clearly seen that this gain is 0.7 eV larger in the case of the ferromagnetic configuration when compared to AFM1 configuration. This helps in stablization of the ferromagnetic ground state. Contributions from direct interaction between Cr +3 -V +5 pairs and from all Cr +3 -V +4 hopping pathways via the oxygen atoms in the case of AFM1 is coming out to be 0.217 eV and and 2.131 eV per hopping pathway respectively. Although the direct hopping between Cr +3 -V +4 pairs is larger in the AFM1 case, it is still substantially smaller than the channel via the oxygen atoms. The Cr 3+ -V
+5
hopping interactions are again smaller in the AFM1 case when compared to the FM case.
The substantial gain from the exchange pathway between Cr-V sites suggests an important role played by the charge ordering in stabilizing a ferromagnetic insulating state.
Similar ideas were discussed by some of us in the context of another ferromagnetic insulator K 2 Cr 8 O 16 [22] and the present analysis for the first time is able to quantify the role of various exchange pathways.
Previous ab initio study suggested a half metallic ferromagnetic character of Cr doped VO 2 in rutile phase at 25% doping [23, 24] . This study was done considering a 12 atom supercell where replacing one of the V with Cr atom corresponds to 25 % doping. In order to investigate the system at this doping concentration, we replace two out of eight V atoms in our 24 atom supercell which corresponds to the same doping concentration. We allowed for volume optimization of this structure considering various magnetic configurations. The results comparing the total energy and net magnetic moment evaluated for ferromagnetic as well for various antiferromagnetic configurations at 25 % doping are given in Table II .
In contrast to the previous study, we found that the ground state in this case was the AFM2 configuration, and was insulating in nature with an energy band gap of ∼ 0.69 eV.
The AFM2 configuration is similar to 12.5 % with the only difference that the two doped
Cr atoms which are in the farthest chain are antiferromagnetic coupled. In the AFM1 configuration, these two Cr atoms are again in the farthest chain but are ferromagnetically coupled. These two magnetic configurations are the same except the coupling between two
Cr atoms is antiferromagnetic in AFM2 while it is ferromagnetic in AFM1. 
